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Edited by Frances ShannonAbstract Ferric uptake regulator protein (Fur) is activated by
its cofactor iron to a state that binds to a speciﬁc DNA sequence
called Fur box. Using mass spectrometry-based methods, we
showed that Tyr 55 of Escherichia coli Fur, as well as the two
thymines in positions 18 and 19 of the consensus Fur Box, are
involved with binding. A conformational model of the Fur–
DNA complex is proposed, in which DNA is in contact with each
H4 [A52–A64] Fur helix. We propose that this interaction is a
common feature for the Fur-like proteins, such as Zur and PerR,
and their respective DNA boxes.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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In Gram-negative bacteria, the ferric uptake regulator pro-
tein (Fur) controls the intracellular iron concentration to avoid
the generation of highly reactive oxygen and nitrogen radical
intermediates that may damage biological macromolecules
[1–4]. In Gram-positive bacteria, Fur-like proteins have been
described together with other iron regulatory proteins such as
DtxR, the diphtheria toxin repressor found in Corynebacterium
diphtheriae [5,6], or PerR, the peroxide regulon repressor [7].
When the intracellular iron concentration is high, Fur binds
ferrous ions, which induces a conformational change that leads
to activation [8,9]. The activated Fur can then bind to a speciﬁc
DNA sequence, called the Fur box, in the promoter region of
the genes involved in iron uptake, repressing their expression
and thus limiting the entry of iron into the cell. In Escherichia
coli, Fur is a homodimer (148 residues/subunit) [10] containing
speciﬁc metal-binding sites that have been widely studied using
various spectroscopic methods [11–13].*Corresponding authors. Fax: +33 0 4 38 78 54 94 (E. Forest), +33 0 4
38 78 34 62 (I. Michaud-Soret).
E-mail addresses: imichaud@cea.fr (I. Michaud-Soret),
eric.forest@ibs.fr (E. Forest).
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doi:10.1016/j.febslet.2005.08.067Recently, Pohl and co-workers [14] have reported the ﬁrst
crystal structure of a member of the Fur family, the holoregu-
lator from Pseudomonas aeruginosa. The basic fold consists of
two domains, an N-terminal DNA-binding domain (residues
1–83) and a C-terminal dimerisation domain (residues 84–
135). The DNA-binding domain is composed of four helices
followed by two antiparallel b-strands. This domain exhibits
the typical winged helix (WH) motif with the three-helix bun-
dle H2, H3 and H4 where H4 is the putative DNA-recognition
helix (G50–A64). This H4 helix corresponds to the helix
named H3 [A52–A64] in Fur from E. coli whose existence we
predicted in a previous work [15]. The C-terminal domain con-
sists of an a/b domain with two intrasubunit antiparallel b-
strands (S3, S4), one long a-helix (H5) and one intersubunit
antiparallel b-sheet (S5). Both structural elements are involved
in forming the functional protein dimer [14].
In this communication, we report the ﬁrst identiﬁcation of an
amino acid residue directly involved in the Fur/DNA interac-
tion using DNA photochemical modiﬁcations combined with
MALDI-TOF mass spectrometry. This new information leads
us to suggest a conformational model of Fur binding to the
DNA Fur box which could be also proposed for the binding
of other Fur-like proteins, including Zur from E. coli, PerR
from Bacillus subtilis, and Fur from P. aeruginosa.2. Materials and methods
2.1. Fur protein and oligonucleotides
Fur was overproduced and puriﬁed from E. coli as previously
described [9,16]. All the oligonucleotides, which contained the Fur
box consensus sequence (capital letters in Fig. 1), were custom made
by chemical synthesis (QIAGEN-Operon, Cologne). One strand of
the oligonucleotide was named DNA1 and the complementary
strand was named DNA2. The 5-iodouracil (5-IdU) modiﬁed
oligonucleotides were given a number corresponding to the modiﬁed
position.2.2. Crosslinking
Fur and the 5-IdU containing oligonucleotides (both ﬁnal concen-
tration: 15 lM) were incubated in buﬀer A (10 mM Tris/Borate buﬀer
(pH 7.5), 40 mM KCl, 1 mM MgCl2 and 0.1 mM MnCl2) at 37 C for
15 min. Aliquots of 100 ll were irradiated at 0 C for 60 min in glass
plates in a UV BIO-LINK BLX (Bioblock Scientiﬁc, France)
equipped with ﬁve 312-nm tubes (total power of 40 W).ation of European Biochemical Societies.
Fig. 1. Sequence of DNA probes used in this study. The capital letters
correspond to the Fur box recognition sequence. Each of the 25mer
modiﬁed probes contained a single 5-IdU substitution at one of the
thymine positions indicated in bold letters.
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The UV-irradiated solution (20 ll) was concentrated under vacuum,
loaded on 12% denaturing SDS–PAGE and visualized after Coomassie
blue staining. The crosslinking yield was estimated from the optical
density of the bands in the gel using the Molecular Analyst software
(Biorad).
The bands containing the Fur–DNA crosslink product, as well as
monomeric and dimeric Fur, were excised and minced to cubes of
around 1 mm3. These gel fragments were washed twice with 1 ml of
25 mM NH4HCO3 and once with 1 ml of 25 mM NH4HCO3 (pH
8.0)/CH3CN, 50/50 (v/v) and the gel slices were then washed with
200 ll of 25 mM NH4HCO3 (pH 8.0). They were then incubated for
24 h at 37 C in buﬀer B (25 mM NH4HCO3 (pH 8.0), 5% CH3CN)
in the presence of the endoproteinase Lys-C or Glu-C (Roche Diagnos-
tics) (1:20 endoproteinase:Fur ratio). Gel slices were ﬁnally washed
with 25 mM NH4HCO3 (pH 8.0)/CH3CN, 50/50 (v/v), and this solu-
tion was pooled with the previous one. The resulting solution was de-
salted using ZipTipC18 micro-columns (Millipore, MA), before analysis
with MALDI-TOF mass spectrometry.
2.4. Proteolysis in solution
2.4.1. Proteinase K digestion. The UV-irradiated solution (30 ll,
8 lg Fur) was incubated with 0.4 lg of proteinase K (0.1 lg/ll) for
5 h at 37 C in the presence of buﬀer B and then desalted using Zip-
TipC18 micro-columns.
2.4.2. Trypsin and endoproteinase Glu-C digestion. Trypsin (0.4 lg)
was added to 30 ll of the UV-irradiated solution (8 lg Fur) and incu-
bated overnight at 37 C in the presence of buﬀer B. The reaction mix-
ture was divided into two fractions. A ﬁrst one was desalted using
ZipTipC18 micro-columns, to be analyzed with MALDI-TOF and
the second fraction was incubated for a further 24-h digestion with
endoproteinase Glu-C (0.2 lg), before being desalted.
2.4.3. DNase I digestion. The UV-irradiated solution (10 ll) was
incubated with DNase I from Sigma (1 lg, 7 U) for 2 h at 37 C in
the presence of 20 mM Tris–HCl (pH 7.8), 40 mM NaCl, 10 mM
MgCl2 and 5 mM CaCl2. The solution was then analyzed by 12%
SDS–PAGE.
2.5. Isolation of peptide-DNA heteroconjugate
The free and crosslinked oligonucleotides were isolated using a mi-
cro-column ZipTipC18 (Millipore, MA), according to the procedure de-
scribed in the suppliers manual for nucleotides.
2.6. MALDI-TOF mass spectrometry
Matrix-assisted laser desorption/ionization (MALDI) analysis was
performed with a Perseptive Biosystems Voyager Elite XL time-of-
ﬂight (TOF) mass spectrometer. Mass spectra were acquired in the po-
sitive and the negative ion modes for peptides and DNA (free and
crosslinked oligonucleotides), respectively. For diﬀerential peptide
mapping experiments, the samples were mixed with the matrix a-cya-
no-4-hydroxycinnamic acid. DNA and DNA-peptide heteroconjugate
samples were mixed with the matrix 3-hydroxypicolinic acid.Fig. 2. SDS–PAGE separation of Fur–DNA conjugates from unre-
acted protein. The binding reaction was achieved by incubating Fur
(15 lM ﬁnal) and the 5-IdU containing 25 bp oligonucleotides (15 lM
ﬁnal). The UV-irradiated solution (20 ll) was vacuum concentrated,
loaded on 12% denaturing SDS–PAGE and visualized by Coomassie
blue staining. Lane 1: molecular weight standards, lane 2: Fur, lane 3:
UV-irradiated Fur, lane 4: UV-irradiated Fur–DNA1–18 mixture, line
5: a sample of the lane 4 solution after DNase I digestion and lane 6:
UV-irradiated Fur–DNA1 mixture.3. Results
To determine the position of Fur on the DNA and the direct
interaction site, we used the 19-bp consensus sequence, the
simplest motif known to undergo in vivo regulation [17]. Three
GC bp were added on both sides to improve the duplex
stability and avoid hairpin formation (see Fig. 1). Most of T
positions, known to be critical for speciﬁc binding by Fur[18–20], were substituted one by one with 5-IdU to allow cross-
link formation uponUV-irradiation with the Fur protein amino
acids.
3.1. Crosslinking and SDS–PAGE analysis
SDS–PAGE and O.D. measurements were used to optimize
the crosslinking yield. Irradiation of a Fur/DNA mixture (1:1
molar) for 60 min gave a 20% yield (data not shown).
UV-crosslinked Fur–DNA heteroconjugate was separated
from unreacted Fur and DNA by SDS–PAGE. Three bands
were clearly observed after Coomassie blue staining of the
gel (Fig. 2, lane 4). The lower and major band corresponds
to unreacted monomeric Fur (calculated mass 16795 Da).
The upper band, with an unreproducible intensity, likely arises
from an incomplete denaturation of the Fur dimer (calculated
mass 33590 Da). The central band was attributed to the cross-
linked Fur–DNA complex (estimated mass 25 kDa), likely
consisting of a single Fur subunit and a single modiﬁed
DNA strand lacking the iodine atom (calculated mass
24564 Da). Although it is well established that DNA is bound
by the dimeric Fur and not by the monomer (e.g. [8,10]), no gel
band corresponding to the dimeric Fur–DNA crosslinked
complex was seen (Fig. 2, lane 4).
SDS–PAGE analyses showed that DNA1 oligonucleotides
with the halogen-substituted nucleobase located in the 18- or
19-positions gave higher yields than DNA1 oligonucleotides
with the substitution at position 15 (data not shown).
No other modiﬁed oligonucleotides gave a signiﬁcant yield
of cross-linked species (data not shown), probably due to
the absence of reactive amino acid residues in close proxim-
ity and/or suitable orientation to the photoactive base
analogue. Indeed, 5-IdU is a zero-length crosslinker that
links preferentially to electron-rich amino acids residues
namely F, W, Y, H and M [21]. It should be mentioned that
a similar Fur-binding aﬃnity was observed for all the
modiﬁed DNA strands, as well as for unmodiﬁed DNA
when analyzed on electrophoretic mobility shift assay gels
(data not shown).
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(Fig. 2, lane 4) as cross-linked Fur–DNA complex, the UV-
irradiated solution was digested with DNase I. As expected,
this band disappeared from the SDS–PAGE gel (Fig. 2, lane
5). Furthermore, irradiation of a mixture of Fur with an
unmodiﬁed DNA (DNA1) (Fig. 2, lane 6), gave no intermedi-
ate gel band.3.2. Diﬀerential peptide mass mapping
Endoproteinase Lys-C or endoproteinase Glu-C digests of
excised gel bands were analyzed by MALDI-TOF MS. The
endoproteinase Lys-C digest of the control band (monomeric
unreacted Fur) gave an ion signal corresponding to the Fur
peptide R41-K76 (m/z 4037) (Fig. 3A). In contrast, this peptide
was missing in the digest of the Fur–DNA1–18 heteroconju-
gate (Fig. 3B). The absence of this ion signal suggests that
one (or some) of the amino acids in the region R41-K76 might
be involved in the UV-crosslinking reaction. This interpreta-
tion was also supported by peptide mass mapping of the endo-
proteinase Glu-C digestion. Indeed, the control lysate
(unreacted Fur) showed an ion signal corresponding to the
peptide I49-E73 at m/z 2850, which was absent in the lysate
of the Fur–DNA heteroconjugate (data not shown). The di-
meric Fur band showed the same peptide mass mapping as
the monomeric Fur mentioned above, which conﬁrmed the
composition of this band.%
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Fig. 3. MALDI-TOF (positive mode) mass spectra of endoproteinase Lys-
DNA1–18 crosslinked species, obtained after SDS–PAGE separation and in
control, but not in the digest of the heteroconjugate (see Section 2 for more3.3. Isolation and proteolysis of the DNA–peptide
heteroconjugate
The crude UV-irradiated Fur–DNA solution was then di-
gested with various proteases and the peptide–DNA hetero-
conjugates together with free DNA were isolated and
desalted using a ZipTipC18 micro-column before being ana-
lyzed with MALDI-TOF MS.
The resulting mass spectrum of a control sample containing
non-irradiated DNA displayed two intense ion signals corre-
sponding to singly charged species of DNA2 at m/z 7536 and
modiﬁed DNA1–18 at m/z 7897 (Fig. 4A, dashed line). After
UV irradiation of this DNA duplex, a new peak appeared at
m/z 7771 together with a decrease in intensity of the one at m/z
7897 (Fig. 4A, full line). This mass shift corresponds to the loss
of iodine from the modiﬁed DNA, according to the photochem-
ical reaction sequence of 5-IdU published by Norris et al. [22].
The UV-irradiated Fur–DNA1–18 solution was digested
with trypsin. In addition to the three DNA ion signals men-
tioned above, a low intensity ion signal was identiﬁed at m/z
9450 (Fig. 4B). This ion signal corresponds to a heteroconju-
gate of DNA with a short tryptic peptide, the latter one having
a mass of about 1679 Da.
The theoretical peptide masses obtained after trypsin cleav-
age were calculated and a unique peptide (42-LID-
MGEEIGLATVYR-56, calculated average mass: 1679.9 Da)
that matched the measured mass was identiﬁed. This peptide
was attributed to the region [R41-K76] that was already as-(m/z)
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Fig. 4. MALDI-TOF (negative mode) mass spectra of (A) DNA1–18 and DNA2 before (full line) and after (dashed line) UV irradiation, (B) a
sample of the UV-irradiated solution digested with trypsin and (C) digested with both trypsin and endoproteinase Glu-C. The major ion signals
correspond to unreacted 5-IdU modiﬁed (DNA1–18) and complementary (DNA2) strands.
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ential peptide mass mapping experiments.
When a second proteolysis was performed with endoprotein-
ase Glu-C on the UV-irradiated solution previously digested
with trypsin, a new mass peak appeared at m/z 8661, whereas
the one at m/z 9450 disappeared (Fig. 4C). The mass diﬀerence
of 890 Da between the heteroconjugate and the unreacted
modiﬁed DNA1–18 ion signals suggested that this peak was
due to the peptide 49-IGLATVYR-56 (calculated average
mass: 892.1 Da) cross-linked to the DNA probe. This assign-
ment conﬁrms again the implication of this region of Fur inTable 1
Putative peptide sequences identiﬁed in the Fur/DNA crosslinking heteroconj
Proteases DNA used Mea
Endoproteinase Lys-C in gel DNA1–18, DNA1–19 4037
Endoproteinase Glu-C in gel DNA1–18 2850
Trypsin DNA1–18, DNA1–19 1679
Trypsin + Endoproteinase Glu-C DNA1–18, DNA1–19 890
Proteinase K DNA1–18 379
Dm is the mass diﬀerence between the modiﬁed DNA1–18 or DNA1–19 (m/
aMass of the peptide disappearing after cross-link.the interaction with DNA. Similar results were obtained and
identical peptides were identiﬁed when using DNA modiﬁed
at position 19 (data not shown).
After digesting the UV-irradiated Fur/DNA1–18 solution
with proteinase K, one low intensity ion signal was identiﬁed
at m/z 8150. Two major ion signals were assigned to free
strands of unreacted DNA. The ion signal at m/z 8150 corre-
sponds to a heteroconjugate of DNA with a 379-Da peptide
that could be either 53-TVY-55 or 62-DDAG-65 (calculated
masses 381.4 and 376.3 Da, respectively) (see Table 1). The lat-
ter peptide could be ruled out because it does not contain anyugates after various protease digestions and mass spectrometry analysis
sured Dm Calculated m Putative peptide sequences
a 4036.5a 41-RLI  TVYR  GGK-76
a 2849.2a 49-IGLATVYR  NFE-73
1679.9 42-LIDMGEEIGLATVYR-56
892.1 49-IGLATVYR-56
381.4 53-TVY-55
376.3 62-DDAG-65
z 7771) and the peaks appeared at higher m/z.
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ing with the photoactive base analogue.
Taking into account the full set of potential crosslinked pep-
tides obtained with the diﬀerent proteolytic/MS methods used
here, one can conclude that these peptides are bound to DNA
by the minimum region 54-VY-55 (in bold in Table 1). More-
over, the Y55 residue in this dipeptide is the only amino acid
residue that can fulﬁl the conditions for crosslinking modiﬁed
DNA, probably because of its high electronic density [23,24].
This evidence points to assignment of Y55 to the single cross-
linked residue in these crosslinked peptides.ig. 6. Three-dimensional model of Fur dimer–DNA complex
engthwise (A) and axial (B) views of DNA). P. aeruginosa Fur X-
y structure [14] was used here. The models of the DNA and the
NA–Fur complex were generated using Insight II Software (Accel-
s). The colours are as follow: yellow and grey, the two Fur
onomers; red, Y55 residues; green, K40 and K76 residues; sky blue,
ymines 18 and 19.4. Discussion
Our results clearly showed that Y55 is in close proximity to
thymines 18 and 19 (our nucleotide numbering) in the 25-bp
oligonucleotides possessing the Fur box. After alignment of
several known sequences, this tyrosine was predicted to belong
to a helix in a classical helix–turn–helix motif involved in DNA
binding [25]. This helix (A52–A64 in E. coli) is often called the
recognition helix, as it is the one that essentially interacts with
DNA, by insertion into the major groove. Furthermore, using
the WEB server J-Pred (http://www.compbio.dundee.ac.uk/
~www-jpred/), we previously predicted the secondary structure
of E. coli Fur, the N-terminal domain possessing four helices
followed by a loop formed by the residues located between
two antiparallel b-strands [15]. This prediction gives a topol-
ogy similar to that of P. aeruginosa Fur as revealed by the re-
cently obtained crystal structure [14]. The recognition helix
possessing Y55 is the fourth helix of a DNA-binding unit.
Using chemical modiﬁcations, we previously showed that one
of the ﬁrst four lysines in the N-terminal part of Fur (23 ﬁrst
amino acids), together with K40 in the middle of the H3 helix
were protected after DNA binding, suggesting their close prox-
imity to DNA [15]. We also showed a protection of K76 pres-
ent in the loop between the two b-strands [15], which might be
due to an insertion into DNA minor groove, in homology with
the R60 in DtxR, as revealed by its X-ray structure with DNA
[26]. Taking into account the strong homology between E. coli
and P. aeruginosa Fur (Fig. 5), the published crystal structure
of the latter and our data, we tried to build a model of the Fur–
DNA complex starting from the one published by Pohl et al.
[14]. The Pohl model was a transposition of the DtxR–DNA
complex structure to the Fur protein where the protein symme-
try axis is perpendicular to the DNA axis. In the case of Fur, it
was impossible for us to insert the two recognition helices of
a Fur dimer into the major groove without generating steric
hindrance.Fig. 5. Sequence alignment of E. coli and P. aeruginosa Fur proteins. Amin
Tyrosine 55 is underlined. Straight lines represent alpha helices and double
correspond to the prediction for E. coli Fur [15] and to the X-ray data for tF
(l
ra
D
ry
m
thFurthermore, it was noted that the two Fur recognition heli-
ces are almost perpendicular to each other and separated by
ca. 30 A˚ (measured in the P. aeruginosa structure from the
middle of each helix). This structural feature is in marked con-
trast to DtxR recognition helices, which are almost parallel
and may explain the necessary diﬀerences between the interac-
tion models of two proteins with DNA.o acids potentially reactive to the DNA crosslink are in bold letters.
lines represent beta strands. The secondary structures described here
he P. aeruginosa Fur [14].
Fig. 7. Sequence alignment of (A) proteins and (B) DNA consensus boxes of Fur and Zur from Escherichia coli [28], PerR Fur and Zur from B.
subtilis [27] and Fur from P. aeruginosa [29].
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positions of the protein symmetry axis with the DNA axis were
tested. The model that best ﬁt our experimental constraints
(tyrosines and lysines) and allowed good insertion of the recog-
nition helices into the major groove is presented in Fig. 6. In
this new model, the protein symmetry axis formed an angle
of ca. 50 with the DNA axis. Furthermore, the binding of
two dimers was as plausible in that model as it was in Pohl
model [14].
The protein sequence alignment of Fur and Zur from E. coli,
Zur, Fur and PerR from B. subtilis, and Fur from P. aerugin-
osa shows that the TXY sequence (X is V or I) is present in
these 6 proteins (Fig. 7A). This sequence may belong to the
DNA recognition helix (from the Fur data and the secondary
structure prediction for Zur and PerR). Furthermore, the se-
quence alignment of the DNA consensus boxes corresponding
to these proteins shows conservation of thymines 18 and 19
(according to our numbering, bold characters in Fig. 7B). A re-
cent comparison of the consensus boxes of Fur, PerR, and Zur
from B. subtilis showed that these boxes are identical at ﬁve or
more of the seven deﬁned 7-1-7 inverted core repeat [27]. These
observations allow us to suggest that the conserved tyrosine of
the DNA recognition helix in PerR from B. subtilis, Zur from
B. subtilis and E. coli and Fur from B. subtilis, E. coli and P.
aeruginosa will be in close vicinity of the thymines 18 and 19
of the corresponding consensus boxes.
To clearly understand the oligomerization of several Fur di-
mer along the DNA, longer oligonucleotides should be used
for crosslinking in the future. Further investigation is needed
to obtain a clear view of the multiple binding process of Fur
along the DNA.
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